I. Introduction
Microrobotics research activities are different from classical robotics by the dimension of the application field: the microworld. In this scale, surface effects like electrostatic forces and pull-off force are not insignificant compared to volumic effects like weight and inertia. Below the limit of 100 micrometers, in most of cases, the surface forces are greater than the volumic forces. Consequently, the automation of micromanipulation tasks under this scale limit is particularly difficult. Surface forces are a function of the medium physical parameters like pressure, temperature, and humidity, so an automatic micromanipulation under 100 micrometers typically needs to control these physical parameters. The usual solution is to perform micromanipulations in a controlled chamber [1] .
Our solution to increase the efficiency of the micromanipulations is to carry out them in a submerged medium.
The choice of an electrical and thermal conductive liquid helps to easily control the medium temperature and to minimize the electrostatic perturbations. Moreover, the micromanipulation in liquid medium allows to cancel capillary forces induced by the condensation between the microobject and the substrate [2] . Furthermore, the Hamaker constant is lower in a liquid than in air. This reduction induces a diminution of the Van-der-Waals force from 50% to 98% [3] , [4] , [5] . The pull-off force are also reduced in liquid. At last, like micro-objects have a small inertia, they are easily propelled to high velocity. This phenomenon usually induces the exit of micro-objects from the workspace, even the loss of these ones. In submerged medium, the hydrodynamic forces limit the micro-objects maximum velocity, so the loss of objects is avoided in liquid medium.
Moreover, every observations concerning air as a medium is also valid for vacuum. The micromanipulation in liquid medium which has many advantages compared to the dry (air or vacuum) micromanipulation is a promising research field to perform microassembly tasks.
Our works on automation of micromanipulations in liquid focus on two application fields: microassembly and the study of the interaction between biological objects and artificial objects. First, micromanipulations of artificial objects in liquid medium can find various applications in microassembly. The complexity of microsystems is always higher and requires a lot of different materials and different microfabrication processes. Without micro-assembly technologies, it is more and more difficult to build microsystems and especially optical microsystems [6] . Consequently, the advent of new hybrid microsystems requires new micro-assembly technologies and methods. There are two main approaches in this domain: Selfassembly and robotic assembly. The first approach is useful for very large production batch but the reliability stays low [7] . The second approach is more flexible and is relevant for smaller production batch [8] , [9] . Secondly, micromanipulation of artificial parts in liquid has many applications in biotechnologies. Effectively, the interaction between biological cells and artificial objects is a current biological research field. Biological studies are done to understand the interaction between bacterium and mineral particles or protein crystals [10] .
In addition biocompatible studies need to observe the impact of a specific object on biological cells. Studies of the interaction between biological cell and artificial micro-objects need to position micro-objects in liquid. The automation of these studies need to guarantee a good repeatability of artificial micro-objects position in a liquid.
We present in a first part a comparison between surface forces, contact force and hydrodynamic force in air and in liquid to show the potential interest of liquid medium in micromanipulation. A specific micromanipulation strategy using dielectrophoresis is developed in a second part.
II. Theoretical Analysis
Although our approach concern liquid in general, this paper is focused on the comparison between air and water. Behavior of micro-objects is dominated by surface, contact and hydrodynamic forces rather than volume based forces. The comparative analysis of these forces in function of the medium (air or water) is developed in three parts. First, the impact of the medium on surface forces like electrostatic, van der Waals and capillary forces is presented. In case of water, hydrophobic forces, steric forces and double-layer forces has to be considered too. Secondly contact forces modelling by pull-off force in air and in water is compared. Finally the hydrodynamic effects on micromanipulations are discussed.
A. Surface Forces 1) van der Waals forces: The van der Waals forces are a well known atomic interaction force. For an interaction between a flat substrate (1) and a spherical object (2), they are equal to: The Hamaker constant A 12 can be computed according to the constants A ii of each material:
For interaction of two materials in the presence of a third medium (3), the total force F t to considered is expressed by the extended DLVO theory (XDLVO) proposed by Xu and Yoon [11] , [12] :
The total force is the sum of the van der Waals forces, the double-layer force and a third term which represents all other forces such as solvation, structural, hydration, hydrophobic, steric, fluctuation forces, etc. The three terms are expressed as follow:
• The van der Waals force in a third medium (3) is a function of the Hamaker constant denoted A 132 estimated by:
• The repulsive double layer force F dl can be currently written as [13] , [14] , [15] :
where 3 is the dielectric constant of the medium, Φ 1 , Φ 2 are the surface potentials of the sphere and the surface and κ 3 the Debye length of the medium. The repulsive double layer force F dl is typically greater than the van der Waals force between D = 1 nm to D = 10 − 20 nm [13] . This repulsive force is able to reduce in this range the impact of the van der Waals force.
• The third term represents notably the solvation forces which have typically significant impact at very small range lower than 10 nm. In water, these force is repulsive for hydrophilic surface and attractive for hydrophobic surface [13] . In case of hydrophilic surface this force is able to reduce the impact of the van der Waals force. Table I gives the values of Hamaker constant for some materials in vacuum and in water. The immersion is then able to reduce the van der Waals forces. However, these forces have a short range (typically < 100 nm) compared to the size of the object (greater than 1 µm). The impact of these forces on the micro-objects behaviour is thus limited compared to very long range of electrostatic interactions and compared to contact forces. 2) Electrostatic Forces: The force applied by an electrostatic surface (σ 1 surface charge density) on an electric charged particle (q 2 ) is given by:
Comparison of dielectric constants between water and air is presented in table II. The water dielectric constant is more important than the air dielectric constant. So, in the same electrical charges configuration (q 2 , σ 1 ) electrostatic force is significantly reduced in water.
Moreover electrostatic perturbations observed in micromanipulation are caused by tribo-electrification. During a microassembly task, friction between manipulated objects induces electric charges on the objects surface. The charge density depends on the tribo-electrification and conductivity of the medium. Effectively, a higher electric conductivity medium is able to discharge objects' surfaces. Water, especially ionic water, has better electric conductivity than air (table II) . Consequently, charge density in water is reduced. The electrostatic force directly proportional to the charge density σ 1 is therefore reduced. Both impact of the immersion on electric properties of the medium (dielectric constant and conductivity) induces a reduction of electrostatic forces. In conclusion, electrostatic perturbations are highly reduced in water compared to the air.
3) Capillary Forces: The capillary phenomenon between an object and a substrate in air can be described by a liquid bridge presented in figure 1 characterized by a volume V , a liquid surface tension γ and wettability properties defined by the contact angles θ 1 and θ 2 . With the assumptions that the equality of the contact angles θ 1 = θ 2 = θ, a constant volume and a small immersion height (D), capillary force between a plan and sphere (radius R) is equal to [13] : This capillary force is induced by the surface between the liquid and the air near to the object. In a liquid this surface disappears, so this force is cancelled in a liquid medium.
B. Contact Forces
The pull-off force represents the required force to break the contact surface between two objects. In case of a sphere (radius R [18] (for the higher boundary) contact models:
where W 12 is the work of adhesion between both objects (1) and (2) . In air, the work of adhesion is expressed by:
with γ 12 : interfacial energy γ 1 , γ 2 : surface energy of the object, substrate or tip
In case of the objects are submerged in medium (3), the surface energy, denoted W 132 , required to separate two objects (1) and (2) submerged in a medium (3) is given by:
For example, in case of a SiO 2 -SiO 2 contact (γ SiO2 = 290 mJ.m −1 [16] ), the theoretical surface energies in air and in water are (from (10), (11)):
In this example, the pull-off force is reduced in water compared to the air. Usually, solid state surface energy are around 1000 mJ.m −1 and the theoretical pull-off reduction is around 50% to 80%.
C. Impact of the Hydrodynamic Forces on the Microobjects Behaviour
In this section the impact of the hydrodynamic forces on the micro-objects behaviour is described. In the microworld, the Reynolds number which characterizes the liquid flow is usually very low (< 1). The flow is thus highly laminar. In case of a micro-object placed in an uniform liquid flow, the Stokes law directly gives the hydrodynamic force applied on the object. This law is valid when the flow Reynolds number is lower than 1 and can be extrapolated to Reynolds number lower than 10 with a good approximation. The Stokes law defines the force applied on an object in a uniform flow of fluid defined by a dynamic viscosity µ and a velocity V :
with k a function of the geometry eg: k = 6πR in case of a sphere -radius R Table III gives the values of dynamic viscosity µ of both water and air. Then the hydrodynamic force proportional to the dynamic viscosity highly increases in a submerged medium.
As inertial effects are very small in the micro-world, micro-objects acceleration is usually very high. In this way, micro-objects velocity is able to increase in a very short time. Consequently, a micro-object can reach an high velocity, and object trajectory could be difficult to control especially in case of a visual feedback. In fact, the object can jump rapidly out of the field of view which could induce its loss. So, in most cases, velocity limitation in the submerged micro-world does not depend on inertial physical limitation but on hydrodynamic physical limitation. From this, a liquid medium is able to reduce maximal micro-objects velocity [19] . Consequently, the increasing of hydrodynamic force is able to limit the maximal velocity of the objects and thus significantly reduces the micro-objects losses.
However, movements of liquid induced by the movement of the effector are able to lead to significant hydrodynamic force on micro-objects. Consequently to avoid disturbance on micro-objects the maximum velocity of the effector has to be limited. Nevertheless, experimentally the maximum velocity of the effector can stay high (eg. 1 mm.s −1 ) compared to the typical size of the object manipulated (50 µm).
D. Synthesis
In conclusion, contact, non contact and hydrodynamic force were presented in both liquid and dry media. This analysis shows the reduction of contact and non contact forces in a liquid compared to the air. As these effects are able to perturb the micromanipulation tasks, the use of a liquid could improve the efficiency of micromanipulation. Moreover, the increase of the hydrodynamic effects is beneficial to the micro-objects behaviour during their micromanipulation. Thus, the theoretical study shows the interest of submerged media for such tasks. Comparisons of force measurement in air and in water, and experimental microgripping tests were performed and are presented in [20] .
III. Dielectrophoretic Release
Though the adhesion forces are reduced in liquid, sticking effects are not totally cancelled [20] and the release task stays a critical problem. Thus the study of new release strategies of artificial micro-objects in liquid is a keypoint to perform submerged micro-assembly. In the current micromanipulations, usual approaches consist in control of a repulsive physical force to overcome the pull-off force (eg. acceleration in air [21] ).
We propose to use repulsive dielectrophoretic force to overcome pull-off force to control the release of the microobjects. This principle usually used in biological cell manipulations is easily controllable by an electric field and is particularly efficient in liquid.
A. Principle of Dielectrophoresis
The time averaged dielectrophoretic force F DEP and torque T DEP applied by a particle in an inhomogeneous electric field − → E (t) is expressed by [22] :
where E(rms) is the rms value of the electric field strength, E i and φ i are the magnitude and phase of the field components in the axis i and K g is a function of the geometry of the particle. For example in case of a spherical micro-object with a diameter r 2 , K g is expressed by:
The parameters K DEP and K DEP is the real part and the imaginary part of the complex Clausius-Mosotti parameter. These parameters characterise the electric behaviour of the particle and the medium and are expressed by:
where
: dielectric constant of the particle
3
: dielectric constant of the medium σ 2 : conductivity of the particle σ 3 : conductivity of the medium ω : angular frequency of the electric field If the K DEP parameter is positif, microparticle tends to move to the highest electric field gradient (near to the electrode). The dielectrophoretic force is attractive and is called 'positive-DEP'. In case of a negative K DEP , microparticle tends to move to the lowest electric field (far from the electrode). The dielectrophoresis force is repulsive and is called 'negative-DEP'.
The dielectrophresis (DEP) is usually used in cell micromanipulation to perform direct cell sorting [23] [24] or field-flow-fractionation (FFF-DEP) [25] [26] . In specific configurations, it allows to catch individual cells too [27] . Moreover dielectrophoresis is used to manipulate Carbon Nano Tubes (CNT) in the field of nanomanipulation [28] . Although this principle is not really effective in air, recently Subramanian presents first tests on the use of DEP in artificial objects manipulation in air [28] . In this medium, this kind of physical principle requires high voltage (eg. 200V).
Considering the submerged micro-objects manipulation is relevant and the DEP is particularly effective in liquid, we propose to apply this principle to submerged artificial micro-objects manipulation.
B. Robotic Micro-manipulation using Dielectrophoresis 1) Principle: The principle proposed is an original way to perform artificial micro-objects positioning. As the grasping by a gripper with two fingers allows to induce complex 3D trajectories and complex microassembly task (ie. insertion), we choose to manipulate micro-objects with a two fingers gripper. Consequently the release task is perturbed by the adhesion force (pull-off force). We propose to use negative dielectrophoresis to control the micro-object release. Electric field could be produced by electrodes placed on the gripper or by using a conductive microgripper. After opening the gripper, an alternative electric field is applied on the gripper electrodes and induces a repulsive force on the micro-object whose objective is to release the object.
The behaviour of the micro-object is composed of two phases:
• The micro-object is in contact with the gripper and is immobile (Fig 2(a) ) .
• The micro-object is in motion in the liquid (Fig 2(b) ) .
Before the release, forces applied to the micro-object is the adhesion force and the dielectrophoresis force. The release appears if the dielectrophoresis is greater than the pull-off force:
After the release, in a very short time the micro-object reaches its maximum velocity. The micro-object trajectory is then defined by the equilibrium of the dielectrophoretic force and the hydrodynamic force F drag induced by the liquid.
Consequently from (13) the trajectory of the particle is defined by its velocity − → V :
The transition (acceleration of the micro-object) between both cases is made in a very short time (ie. 50µs) because of the small inertia of the micro-object. As the precise description of this acceleration phase has no specific interest in micromanipulation, the complete behaviour of the micro-object is described by the equations (19) (20) (21) . 
2) Experimentations:
To valid our approach, experimentations were performed on glass microsphere with a diameter 20 µm. The gripper is a four Degree Of Freedom (DOF) piezoelectric microgripper described in [29] . Specific end-effectors in Silicon were build with microfabrication technologies (D-RIE) and glued on the microgripper as presented in [29] . The silicon end-effectors and micro-gripper is presented in Figure 3 . Thickness of the end-effectors is 12 µm and the shape is presented in Figure 4 . Gold electrodes are sputtered on the silicon end-effectors to applied alternating electric field.
An example of glass micro-sphere release is presented in Figure 4 . The electric voltage used was a sinusoidal signal ±20V peak-to-peak. The release and the trajectory of the micro-object is visible in Figure 4 .
Experimentations show a high reliability on glass microobject releases. The control of the release is easy to perform via the tension of electrodes. This first result demonstrates the interest in using dielectrophoresis release in submerged micromanipulations.
However at present, the final position of the released micro-object is not controlled. Further works will be done to purchase the modeling of the micro-object behaviour after the release to control its final position. The shape, number, and architecture of electrodes will be studied and tested to optimize and control this release principle.
IV. Conclusion
As the development of new hybrid microsystems requires new micro-assembly technologies, the study of in- novative ways to perform micro-objects assembly is particularly relevant. The reduction of the impact of adhesion and surface forces on the manipulated objects behaviour is a keypoint to increase the reliability of current micromanipulation strategies. The theoretical analysis presented in this paper shows that adhesion and surface forces are reduced in water compared to the air. Consequently, micromanipulation in liquid medium is a potential way to ease micro-objects assembly. Impact of the adhesion and surface forces on micro-objects behaviours are reduced but not really cancelled and the release task stays a critical point in liquid. We propose to use negative (repulsive) dielectrophoretic force to control the release of the object. The description of this new artificial objects micromanipulation principle was described in this paper and experimentations show the reliability of this strategy. Further works will focus on the optimization of the principle, and on the micro-object release modelling and control.
